ABSTRACT
The lens epithelium is especially vulnerable to oxidative stress. The erosion and shortening of telomeres in human lens epithelial cells in the lack of telomerase activity has been recognized as a primary cause of premature lens senescence phenotype that trigger human cataractogenesis. Carnosine, released ophthalmically from N-acetylcarnosine prodrug lubricant eye drops , at physiological concentration might remarkably reduce the rate of telomere shortening in the lens cells subjected to oxidative stress in the lack of efficient antioxidant lens protection. The data of visual functions (visual acuity, glare sensitivity) in older adult subjects and older subjects with cataract treated with 1% Nacetylcarnosine lubricant eye drops showed significant improvement as compared, by contrast with the control group which showed generally no improvement in visual functions, with no difference from baseline in visual acuity and glare sensitivity readings. Prevention of cellular senescence with ophthalmic prodrug N-acetylcarnosine may be a novel therapeutic target in a management of cataract, basic preventive health care and in arresting of after-cataract following extracapsular cataract extraction. fiber cells (33, 34) . There is a growth during this process, with the cell elongating toward both anterior and posterior poles. The newly formed fiber cell develops over the older fibers, increasing the volume of the lens and simultaneously displacing the older fibers in toward the center of the tissue. Thus, the inner region represents the embryonic lens, the oldest part of the tissue designated as the nucleus, and the periphery contains the youngest section, the cortex, which is the metabolically active region ( Figure 1 ).
The nucleus, mitochondria, and other cellular organelles are degraded during the terminal differentiation process so that the fully differentiated lens fiber, which represents a large proportion of the mature lens, has lost its ability to synthesize protein and maintain metabolic processes. A consequence of this process is that the fraction of the lens that is metabolically active is constantly diminishing. It is generally believed, but not fully established, that only the epithelial cells can carry on all of the typical cellular functions.
The lens epithelium is especially vulnerable to oxidative stress (35) (36) (37) . Damage to this single layer of cuboidal epithelial cells on the anterior surface of the lens can precede and contribute to lens opacification. For example, generation of reactive oxygen species (ROS) in a cultured rat lens system led to irreversible damage in the epithelial cell layer (35) . Cellular and mitochondrial swelling, DNA fragmentation, and loss of cell viability were observed before cataract formation. These data emphasize the fact that the lens epithelium plays a crucial role in lens transparency.
Peroxide threat and cellular signaling
Generation of ROS can cause deleterious peroxidation of lipids, modification of proteins, and cleavage of DNA (38) . However, at low concentrations, ROS, which are generated as by-products of normal mitochondrial electron transport and typically, by NAD (P)H oxidase isoforms, can serve a valuable function in cell signaling (39) (40) (41) (42) . For example, an increase in intracellular ROS via the increased expression of the GTP-binding protein racl leads to activation of the transcription factor nuclear factor-κB (41) . In prokaryotes, H 2 O 2 acts as a second messenger activating OxyR protein, a transcriptional activator of many antioxidant genes, including hydroperoxidase I and glutathione reductase (43) .
Telomeres structures
Telomeres are special structures at the end of chromosomes. They shorten during each round of replication and this has been characterized as a mitotic counting mechanism. Telomeres are composed of repetitive nucleotide sequences and associated proteins that protect chromosomes from degradation and recombination. Vertebrate telomeric DNA consists of a conserved hexameric sequence (5΄-TTAGGG-3΄) arranged in tandem repeats (44) (45) (46) (47) (48) . Telomere length is maintained by a balance between processes that lengthen and those that shorten telomeres. Evidence from various organisms suggests that several factors influence telomere length regulation, such as oxidative stress, telomere binding proteins, telomerase, and DNA replication enzymes. Telomerase is a ribonucleoprotein polymerase that specifically elongates telomeres. In most human cells telomere length is not maintained and telomerase is not active. The catalytic core of human telomerase is composed of an RNA subunit known as hTER (human telomerase RNA) and a protein subunit named as hTERT (human telomerase reverse transcriptase) (49) (50) (51) (52) . Expression of hTERT is a key step of regulation of telomerase in human cells and plays a crucial role in cellular immortalization and cancer development (53-57).
Normal human somatic cells shorten their telomeres during their lifespan leading eventually to dysfunctional telomeres, growth arrest and replicative senescence (58) . Overexpression of TERT, the catalytic subunit of telomerase, counteracts telomere shortening, extends the replicative potential and prevents replicative senescence (Figure 2a-d) (59) . It may also exert an antiapoptotic action at an early stage of the cell death process prior to mitochondrial dysfunction and caspase activation (60) . Telomerase activity in mammals (dog, rabbit, rodents) , but not humans, is likely important in the germinative epithelium to maintain its proliferative potential and prevent cell senescence (61) (62) (63) . Telomerase in lens epithelial cells in mammals may function in the quiescent, central lens to maintain telomeres damaged by oxidative stress and ultraviolet light exposure, thereby preventing accelerated loss of these elements which triggers cell senescence. It remains to be determined if the increase in telomerase activity in lens epithelial cells from cataractous lenses (61) is a primary dysregulation that may have a role in the development of the cataract, or is secondary to cataract formation ( Figure 3 ).
In addition, there is evidence for telomere lengthindependent functions of telomerase, which appear to promote cell survival and stress resistance (64) (65) (66) (67) (68) . For example, telomerase expression conferred increased resistance to specific DNA damaging agents (66, 69, 70) and decreased apoptosis (60, 68, 71, 72) .
Oxidative insult and cataract
Oxidative stress associated with the formation of lipid peroxides is suggested to contribute to pathological processes in ageing and systemic diseases, such as diabetes, atherosclerosis, chronic renal failure, inflammation and retinal degenerative diseases known as statistically significant risk factors for cataract (15, 34, (73) (74) (75) (76) . Glutathione-dependent enzymes in the lens have been suggested to play an important role in the detoxification of Figure 3 . The senescent phenotype of lens epithelial cells and formation of secondary cataract can be attenuated with N-acetylcarnosine therapeutic platform. A: This lens epithelium proliferation is shown that has developed a rough and uneven surface from secondary cataract (The small, bright circle is the camera light); B: The white discoloration is secondary cataract located behind the lens implant endogeneous toxicants that reach the lens from different sources (macular, retinal and other age-related ocular changes), such as hydroperoxides, 4-hydroxyalkenals, dialdehydes (including malondialdehyde), fatty acid epoxides generated during lipid peroxidation (3). The observation that lipid peroxides are elevated in the lens membranes of some patients with cataract has drawn attention to these toxic oxidant species (3, (74) (75) (76) (77) (78) (79) (80) (81) (82) . Lipid peroxides can cause cataract, producing damages to both cell membrane and cytosol regions (77) (78) (79) (80) (81) (82) (83) (84) . At the membrane, lipid hydroperoxides induce changes in permeability (85) (86) (87) (88) , refashion the micro-viscosity (order) of its lipid-protein environment (89) (90) (91) (92) (93) , cause an uncoupling of the membranebound enzyme Na,K-ATPase and oxidative inhibition of Ca 2+ -ATPase in several tissues including the lens (94, 95) . Within the cell, lipid peroxides can damage DNA (96) , induce a drop in total glutathione and dramatic change in the redox ratio of glutathione, lead to the appearance of new fluorophores and large protein aggregates with low solubility (clouding matrix) in the lens matter (97) (98) (99) (100) (101) (102) . Some authors advanced the hypothesis that H 2 O 2 , free radical (O 2¯˙, OH˙) and singlet ( 1 ∆ g O 2 ) forms of oxygen are toxic, and may be generated in excessive amounts in several experimental cataracts and in human senile cataract as a consequence of lens photooxidation (103, 104) , radical generation by xenobiotics (105) , or impaired enzymatic and non-enzymatic defenses which exist in the eye lens (106) (107) (108) (109) (110) . The lens is well equipped with enzymatic antioxidant protective systems (i.e., superoxide dismutase , catalase, glutathione peroxidase) and endogenous free radical scavengers (e.g. glutathione, ascorbic acid), which both lose their efficiency with age and in cataracts (105, 106, (111) (112) (113) (114) (115) (116) (117) (118) . The high levels of reduced glutathione (GSH) in the normal human lens (in excess of 10 mM) (118) and ascorbate in the lens and the aqueous humour (1 mM) (112) (113) (114) have been proposed to be a natural protection against photooxidation (116, 119) . The paradox of lens oxidative alterations in the eye, despite the high concentrations of antioxidants can be manifested since the above-mentioned reductants may undergo pro-oxidant activation in the presence of transition metal ions or endogenous photosensitizers (120) . Both copper and iron promote H 2 O 2 and free radical production from ascorbate or the cysteine residue of glutathione and the extent of this catalysis correlates with the cell toxicity (120, 121) . Transition metal ions are important components of non-enzymatic tissue peroxidation and they may be present in the eye tissues and fluids in catalytically active concentrations (122, 123) . Besides, aqueous and plasma Cu 2+ levels have been reported to increase with age, in ocular inflammation and in diabetes, the etiologies which are considered to be the risk factors of cataract (124, 125 ). An endogeneous photosensitizer, riboflavin, can catalyze the generation of active oxygen forms and the photo-oxidation of ascorbate and GSH and this is similarly associated with phototoxicity to lens epithelial cells (104, 112, 113, 120) . Thus, the crystalline lens, a reservoir of reductants such as GSH and ascorbic acid, in addition to transition metal ions or photosensitizers, may become an extremely effective redox-coupled free radical generating system (126-130).
Oxidative stress, the replicative lifespan of cells, telomere integrity and cellular senescence
The replicative lifespan of primary human cells is telomere dependent ; however, its heterogeneity is not understood (Figure 2c,d) . Concerning human ageing, many questions about molecular mechanisms have been addressed using in vitro senescence models derived from normal diploid human cells. The proliferative potential of human primary cells in culture is limited, and extended passaging of such cells leads to a state of terminal growth arrest, referred to as replicative senescence (Figure 4 ). While the erosion of telomeres, due to the lack of telomerase activity (for recent review, see (131)), has been recognized as a primary cause of replicative cellular senescence, a variety of other events have been identified that trigger premature senescence. Most notably, oxidative stress was found to induce premature senescence in human fibroblasts (132,133), endothelial cells (134, 135) , and a variety of other cell types (reviewed in ref. (136) ).
The mitochondrial theory of ageing (137) suggests a critical role for mitochondrial dysfunction and subsequently increased ROS production as an inducer of ageing and premature senescence. Accordingly, replicative senescence of human diploid fibroblasts (HDF) has been associated with mitochondrial dysfunction and mitochondrial ROS were identified as important players in the senescence response of HDF (138) (139) (140) . However, mitochondrial dysfunction does not seem to be uniformly responsible for senescence in all cell types. This indicates mitochondrial production of ROS as one of the causes of replicative senescence. By sorting early senescent (SES) cells from young proliferating fibroblast cultures, it has been shown that SES cells have higher ROS levels, dysfunctional mitochondria, shorter telomeres, and telomeric gamma-H2A.X foci (140) . The authors propose that mitochondrial ROS is a major determinant of telomeredependent senescence at the single-cell level that is responsible for cell-to-cell variation in replicative lifespan (140) . The intracellular ROS function as signalling molecules and that oxidants play a central role as mediators of cellular senescence. The fact that telomere length correlates with the final inhibition of proliferation under conditions of varied oxidative stress, while the population doubling level does not, suggests that telomere shortening provides the signal for cell cycle exit in senescence. In postmitotic cells, no further telomere shortening occurs (133). However, the sensitivity of terminal restriction fragments to S1 nuclease increases, indicating the accumulation of single-strand breaks in telomeres of nondividing fibroblasts. This effect is found both under normoxic and hyperoxic culture, although it is more pronounced under conditions of higher oxidative stress. It might be speculated that accumulation of single-strand breaks and the resultant loss of distal single-stranded fragments during replication could be a major cause of telomere shortening, possibly more important than incomplete replication per se (133). To determine if increased oxidative stress may contribute to the senescent phenotype, cells were treated with tert-butyl hydroperoxide (tBHP), which is known to increase oxidative stress by decreasing the intracellular glutathione levels. It has been documented that mild tBHP stress induces a phenotype of premature senescence in a subpopulation of the treated cells, which closely resembles the phenotype of naturally senescent human umbilical vein endothelial cells (HUVEC), including growth arrest, senescence-associated beta-gal activity, and apoptotic cell death. These results establish a model of premature senescence for human endothelial cells, suitable to analyze mechanisms of ageassociated cell death (134). Furthermore, telomereshortening rate and cell replicative lifespans can be greatly modified by DNA-damaging oxidative stress (141-142) via a telomere-specific repair deficiency, which causes stressdependent accumulation of single-strand breaks (145) and accelerates telomere shortening during DNA replication (146) . This had led to the suggestion that telomere reduction is not strictly programmed, with telomere length acting as a mere cell-division counting device, but instead that telomeres act as sentinels for cumulative oxidative and/or environmental stress triggering division arrest when the damage burden (detected through telomere length) becomes too great (141) . It was hypothesized that accelerated telomere shortening is due to preferential accumulation of oxidative damage in telomeres (145) . The data suggest that metabolic time-dependent single-strand degradation is a major cause of telomere shortening. This is supporting the idea that telomere shortening plays an important role in triggering cellular senescence (146) . Telomeres in most human cells shorten with each round of DNA replication, because they lack the enzyme telomerase. This is not, however, the only determinant of the rate of loss of telomeric DNA. Oxidative damage is repaired less well in telomeric DNA than elsewhere in the chromosome, and oxidative stress accelerates telomere loss, whereas antioxidants decelerate it. The oxidative stress is an important modulator of telomere loss and telomere-driven replicative senescence is primarily a stress cell response (141) inherent to lens epithelial cells survival and human cataract formation as well.
Telomeres and Telomerase Activity in Lens Epithelial Cells of Normal and Cataractous Lenses
The adult crystalline lens is lined on its anterior surface by a monolayer of lens epithelial cells (LEC) with diverse replicative potential, including the anterior or central zone, the germinative zone and the equatorial zone. The central LEC are rarely mitotic and generally considered to be quiescent, the germinative LEC have mitotic activity and some of these cells have the potential to divide throughout life and the equatorial LEC terminally differentiate into the lens fiber cells (147) (148) (149) (150) .
Telomerase activity was found in LEC in all three mammalian species (in canine, feline and murine groups) investigated in the study (61) (but not in human species), confirming that the presence of telomerase activity in these cells is not a canine-specific phenomenon. Telomerase activity was detected in all three LEC regions of the canine lenses (central, germinative, and equatorial) with no significant differences in the level of activity between the different regions . Telomerase activity was absent in canine lens fiber cells, corneal endothelium, corneal epithelium from both the limbal and central regions, and rabbit nonpigmented ciliary epithelium. Surprisingly, telomerase activity was significantly lower in all three regions analysed in canine LEC from dogs less than 1 year of age than in adult dogs (61) . Telomerase activity in 23 central capsulotomy specimens collected from naturally occurring canine cataracts were compared to levels in the central lens capsule from normal canine eyes, and surprisingly, significantly higher telomerase activity was found in the cataractous specimens.
Cells that have telomerase activity generally have longer telomeres than cells lacking this activity (151) . Since cataractous canine LEC had a higher level of telomerase activity than normal LEC in canine group, it was important to determine if this was reflected in altered telomere lengths in LEC from cataractous canine lenses. In the normal lens capsule samples, there was some heterogeneity in telomere length within each sample as indicated by the number of bands in each lane. However, all normal lens capsules studied and all regions of the LEC had similar banding patterns ranging 4-20 kb, indicating telomere lengths did not differ between the three regions (61) . The longest telomere in all normal canine samples measured was consistently 20 kb. Telomeres from cataractous canine capsules also had the same lower range but the upper limits were higher than the normal samples varying 20-24 kb (61). Similar to telomerase activity, pretreatment of normal eyes with topical medications used prior to cataract surgery did not affect telomere lengths. It was not surprising to find telomerase activity in the germinative LEC, as this cell population has the potential to undergo mitosis throughout the life of the canine host (148, 149) . Cells in the equatorial region of the lens, though not highly mitotic, may retain telomerase activity as the germinative cells migrate into this region. However, once the cells terminally differentiate into fiber cells, they lose telomerase activity, as no activity was found in the fiber cells. Although some post-mitotic cells have telomerase activity (152) , many terminally differentiated normal somatic cells do not (153). As previous studies have indicated that central LEC are quiescent and rarely undergo mitosis (148, 149) , the presence of telomerase activity in this cell population of mammals was surprising and more difficult to explain. Telomerase negative cells can divide many times in culture, population doublings of 56 and 88 in retinal pigment epithelial cells and foreskin fibroblasts, respectively are possible (154) before telomeres become critically short and cell senescence is triggered. The crystalline lens is exposed to constant nonionizing radiation in the form of ultraviolet light which causes chromosomal damage by inducing DNA strand breaks (155). Damage to genomic DNA is more effectively repaired than damage to telomeric DNA and oxidative damage to DNA in cells without telomerase activity can result in critical shortening of telomeres and cell senescence after just one cell division (145) . When cells become senescent they are unable to reenter the cell cycle and their phenotype dramatically changes (156) , they begin to elaborate senescenceassociated beta-galactosidase, proteases, extracellular matrix components and inflammatory cytokines. Conversion of LEC to the senescent phenotype is likely to be deleterious to normal lens physiology and transparency. Therefore, the presence of telomerase activity in the central epithelium might be necessary to prevent ultraviolet light induced DNA damage and critical telomere shortening. The loss of telomerase activity upon cell passage and telomere shortening may lead to conversion to the senescent phenotype as evidenced by increasing numbers of cells stained with the senescence marker, beta-galactosidase.
The ability of ultraviolet light to up regulate telomerase activity could have some effects on an agerelated increase in activity of this enzyme. Dogs less than 1 year of age had significantly less telomerase activity than adult dogs (61) . This suggests that the LEC of young dogs possess a basal level of telomerase activity that increases as the animal matures. It is possible that other local environmental factors, such as H 2 O 2 and other peroxide compounds , could contribute to DNA damage in LEC leading to activation of telomerase activity.
The telomere shortening in rodents may play some role at least as a marker of cell aging in rats although perhaps less of a causal one than in humans (157) . In order to examine telomere shortening directly in lens epithelial cells (LECs) in situ, the authors utilized fluorescence in situ hybridization (FISH) of a peptide nuclei acid (PNA) probe to the telomere repeat sequence (TELO-FISH). Although it is not clear whether such moderate telomeric erosion can limit cell division in rodent LECs, the telomeric shortening correlated well with previous studies demonstrating reduced clonal replicative potential, and reduced rates of in vivo DNA replication in LECs from old rodents and a delay in this attenuation in animals on chronic caloric restriction (157) . Examination of LECs in each of nine young and nine old ad lib fed (AL), and nine old calorically restricted (CR) rat lenses, demonstrated that rat LEC telomeres were shortened by 21% in old AL fed rats relative to young controls (P< 0.01) and that CR reduced this loss to 12% (P< 0.05) (157) . This suggests a possible relationship between telomeric shortening, loss of replicative potential in LECs, and cataract appearance in rodents. Oxidative or other damage to the telomeric DNA appears to act synergistically increasing the probability of capping failure and cell senescence even with only moderate average shortening (144, 158, 159) . Numerous genes regulate telomerase activity within the cell (160) but the process is quite complex and currently not well understood. Perhaps telomerase is up regulated in cataractogenesis in dogs as a protective response to DNA damage, as it has been shown that there is significant damage to DNA in LEC from human cataractous lenses compared to normal lenses (161) .
There has been some time ago a renewed interest in the association between DNA damage to the human lens epithelium and the development of lens opacities in human patients (161) . In approximately 50% of the cataractous samples analyzed, the proportion of cells containing DNA single strand breaks was significantly higher than in control lenses. It is important that no relationship between age and DNA damage was noted. These findings are consistent with the hypothesis that in some human patients with cataract, DNA damage in the lens epithelial cell population may be related to the development of lens fiber cell opacity (161). The possible relationships and effect for these phenomena are suggestive for oxidative damage, telomere shortening and loss of replicative capacity and corresponding to senescent phenotype alteration of gene expression patterns contributing to human age-related cataract formation, in that order.
In the recent study (162) the authors reported that human telomerase reverse transcriptase (hTERT) displays additional functions beyond telomere synthesis. They have demonstrated that hTERT introduced into Bovine lens epithelial cells (LECs) can suppress differentiation. Furthermore, the authors provided the evidence (162) that hTERT can regulate the RAS/RAF/MEK/ERK pathway to mediate the suppression of bovine lens epithelial cell differentiation. This study provides evidence that hTERT regulates both proliferation and differentiation in eukaryotes. The results of another study suggest that hTERT, when overexpressed in human lens epithelial cells, accelerates cell growth rate through regulation of RB/E2F pathway and possibly other genes (163) .
Among the human, bovine, and rabbit lenses examined, only the central epithelium from the 6-month rabbit lens displayed telomerase activity (164) . In both transparent and cataractous human lenses, hTERT activity and expression were not detected. However, the template RNA was present in both types of human lenses (164) . The telomeres found in transparent human lenses were approximately 1 kb longer than those in cataractous human lenses. These results suggest the possibility that telomere shortening is associated with human cataractogenesis. The primary cultures and later passages of HLECs also displayed no detectable telomerase activity. Introduction of hTERT cDNA into HLECs followed by G418 selection yielded a stable line of HLECs expressing hTERT. In this line, hTERT has supported normal growth after 48 population doublings and also enhanced antiapoptotic activity against oxidative stress (164) . hTERT introduced into HLECs prevents replicative senescence through telomere synthesis. The hTERT-transfected cells with normal growth have a maximum telomere length of approximately 13 kb. Shortening of this telomere length to a certain degree signals cellular senescence, as observed in vector-transfected HLECs, which have a maximum telomere length of approximately 10 kb. Thus, HLECs use a telomerase-dependent mechanism to maintain their telomere stability (164).
N-acetylcarnosine as a therapeutic tool to manage age-related cataracts in human eyes or visually disabling eye diseases as well as systemic health conditions
During the adult years, the increased visual demands of our technological society bring about the need for regular optometric care (Figures 5a,b) (165, 166) . While the incidence of ocular disease is low for young adults, vocational and recreational visual demands are significant. To maintain visual efficiency, productivity, and optimum eye health, periodic examinations are recommended.
Adults, beginning in their early to mid-forties, can experience changes in their ability to see clearly at close distances. This normal aging change in the eye's focusing ability will continue during the forties and fifties. In addition, increases in the incidence of eye health problems occur during these years. Individuals age 61 or older have an increasing risk for the development of cataracts, glaucoma and macular degeneration and other sight threatening or visually disabling eye conditions as well as systemic health conditions. Therefore, annual eye examinations are recommended. At risk are individuals diagnosed with diabetes or hypertension, or who have a family history of glaucoma or cataracts, and those taking systemic medications with ocular side effects or those with other health concerns or conditions. Carnosine (beta-alanyl-L-histidine) and related compounds are natural constituents of excitable tissues possessing diverse biological activities (167, 168) (171, 172) . Both carnosine and Nacetylcarnosine compounds are found primarily in the heart and skeletal muscles and in the brain. We have found appreciable levels of L-carnosine in transparent human lenses which are markedly depleted in mature cataracts (173) . The concentration of carnosine in transparent crystalline lenses detected was about 25 µM. At different stages of cataract development, the level of carnosine fell, reaching about 5 µM (173) . Carnosine has been proven to scavenge reactive oxygen species (ROS) as well as alphabeta unsaturated aldehydes formed from peroxidation of cell membrane fatty acids during oxidative stress (174-176). It can oppose glycation (177, 178) and it can chelate divalent metal ions . The important studies have produced clinical and experimental evidence of beneficial effects of N-acetylcarnosine in treating cataracts of the eyes, these and other ophthamological benefits have been proven (2, (179) (180) (181) (182) (183) (184) (185) (186) . Research with N-acetylcarnosine (NAC) demonstrates that it is effective not only in preventing cataracts but also in treating them. NAC has been shown to improve vision by partially reversing the development of the cataract, thus increasing the transmissivity of the lens to light (181) .
One of the obscure aspects of the carnosine physiological role is the biological significance of the enzymatic metabolism of carnosine or its derivatives in tissues. We found that , in order to change the antioxidant status, tissue enzymes can modify the NAC prodrug molecule and that deacetylation increases in vivo the resistance of lens tissues and its cells to oxidative stress. 1% N-acetylcarnosine (Figure 5a ) is a universal bioactivating antioxidant for vision in the developed and patented drug delivery system lubricant eye drop formulations containing mucoadhesive cellulose-based compound combined with corneal absorption promoters. Its topical administration delivers pure L-carnosine and allows its increased intraocular absorption into the aqueous humor surrounding the lens, enabling significant improvements in anti-cataract drug efficacy and the minimization of sideeffect from either local or systemic drug absorption/bioavailability to the eye, and also creates optimization effects in the number of ocular degenerative age-dependent disorders (182) . The formulation was also found to be non-irritant and well tolerable. The developed system can be a viable alternative to conventional eye (185, 190, 191 ) with a lubricant 0.3% carboxymethylcellulose in the isotonic ophthalmic formulation in borate buffer with preservative benzyl alcohol (corneal absorption promoter) and showed the increased intraocular absorption of the active principle (Lcarnosine) in the aqueous humor compared to topical administration of a pure 1% NAC solution. (b). Periodic optometric examinations are an important part of routine preventive health care. Many eye and vision conditions present no obvious symptoms. Therefore, individuals are often unaware that a problem exists. Early diagnosis of lens opacities with disability glare Halometer DG ® and treatment of cataract with N-acetylcarnosine lubricant eye drops are important for maintaining good vision and when possible preventing permanent vision loss. drops for the treatment of various ocular diseases and is suitable for clinical application. N-acetylcarnosine prodrug and codrug ophthalmic formulations applied topically to the eye and moreover, its controlled time released ophthalmic ingredient L-carnosine exerts antiglycation, bioactivating antioxidant properties in the lens and cornea as a scavenger of lipid peroxides, singlet oxygen and OH· radicals and provides the spatial aspects of intracellular pH regulation (126,181,183).
Intraocular transcorneal and systemic absorption of L-carnosine from N-acetylcarnosine ocular drug delivery system: Suitable molecular therapeutic interventions and visual sensory signaling responses
The provided studies with N-acetylcarnosine ophthalmic prodrug confirmed the increased intraocular uptake of L-carnosine active ingredient in the aqueous humor (186) (187) (188) (189) .
Histidyl compounds of aqueous humor have been examined by reverse phase analytical HPLC ( Figure 6 ) as used in separation of imidazole-containing amino acids and dipeptides described earlier (187) (188) (189) . Amino acids can be detected by the absorbance of carboxylate (~ 200 nm) and peptides by absorbance of carboxylate and the peptide bond (200-220 nm). Chromatograms of solutions of L-carnosine and its putative N-acetyl derivative are well separated. The elution order of the compounds was compared to a predicted order based upon their relative hydrophobicities as outlined by Rekker (190) . Peaks were unequivocally identified by comparison of their retention times to those of the authentic standard compounds or of putative acetylated compound run singly . Tests for specific chemical reactivity (191) provided additional evidence for the identification of L-carnosine and N-acetylcarnosine.
Due to its relative hydrophobicity compared to Lcarnosine, NAC might cross the cornea of the treated eye gradually and maintain longer the concentration of the active principle (L-carnosine) reaching the aqueous humor. The HPLC pattern of an extract of the aqueous humor obtained 30 min after instillation to the rabbit eye of ophthalmic formulation containing 1% NAC, lubricants carboxymethylcellulose, glycerine and preservative benzyl alcohol in the borate buffer confirms that the peak characteristic of L-carnosine has a concentration and a retention time (3.225 min) clearly distinct from Nacetylcarnosine (6.0 min) and basically different from the dead time of the column (3.0 min) ( Figure 6 ). This identified peak of L-carnosine quantified and integrated by the data processor showed that virtually all Nacetylcarnosine after the overall extraction efficiency is converted into the L-carnosine compound with a retention time of 3.225 min ( Figure 6 ). The data on the L-carnosinerelated product were blanked with the control placebo data applied to the paired eyes of the animals. The mean ratio of L-carnosine (C) / (NAC) relevant to the L-carnosine release in the aqueous humor 30 min after instillation of Formulation A (Can-C TM ) with 1% N-acetylcarnosine into the rabbit eye corresponded to C/NAC=6.64±0.06 (n =8, where n =number of the examined treated rabbit eyes; only right eyes were treated). In the control placebo formulationtreated eyes the same indices could not be quantified at statistically significant rate. Concentrations of imidazole products in the aqueous humor corresponded to those of intact rabbit eyes and refer to baseline values of Lcarnosine 0.19± 0.10 µg/ml related products variously detected in extracts from normal animals.
Our data demonstrate that topical administration of pure L-carnosine (1% solution) to the rabbit eye (instillation, subconjunctival injection) does not lead to accumulation of this natural compound in the aqueous humor over 30 min in concentration exceeding that in the placebo-treated matched eyes, and its effective concentration is exhausted more rapidly (189, 192) . In another aspect, the data demonstrate the prospects of applications of an ophthalmic composition comprising NAC, or its pharmacologically acceptable salt in combination with a cellulose compound to treat the eye complex of symptoms. This complex of symptoms may have an oxidative component in their genesis, such as senile cataract, glaucoma, inflammation or diabetic ocular complications. The topical administration of N- Figure 6 . HPLC of extract of aqueous humor aspirated 30 min after the instillation of ophthalmic formulation with 1% NAC and lubricants into the rabbit eye. The integrated concentration of the carnosine related product (3.392 µg/ml, 3.225 min) is attributed to accumulation of carnosine in the ophthalmic formulation-treated eye. Chromatograms of solutions of L-carnosine and its putative N-acetyl derivative show that these compounds are well separated. Tests for specific chemical reactivity provided additional evidence for the identification of L-carnosine and N-acetyl-carnosine (189) . Extractions of imidazole-containing compounds from the aqueous humor aliquots were performed according to Babizhayev et al., 1996 (189) . The published data showed that all the desired imidazole-containing compounds in the aqueous humor thus obtained could be of good purity and recovery (189) . 1-3) ). Pictures A,B,C showing the reduction of cataract in canine eye. Top picture: this shows the canine cataract before treatment with Can-C TM including 1% n-acetylcarnosine eye drops. B picture: this shows 2 weeks of the treatment of the canine cataract with topical administration of Can-C TM eye drops including 1% N-acetylcarnosine. C: Results of the treatment after 1 month (bottom image). Already one begins to see the break-up of the impaired proteins -an effect that for obvious reasons has been described as "melting snow". The eyes of animals in each group were examined at regular intervals using a Zeiss SL-10 slit lamp. The appearance and progression of opacity was different in animals so the staging varied. Posterior subcapsular opacity (PSC) and cortical opacities occurred during the early stages of cataract formation. Treatment of the 6-month rabbit eye with traumatic cataract for 2 weeks (D,E,F)) Estimation of opacity of the lens by quantitative morphometric analysis; The figures in the upper right segment of the images demonstrate that the area of the lens opacity is significantly diminished during the treatment with 1% N-acetylcarnosine lubricant eye drops. Treatment of ripe age-related cataract in human patient's eye for 6 months (G,H). The appearance of rose reflex in the area of the lens (H) demonstrates that the cataractous human lens (G) becomes clearer upon this interval of treatment with 1% N-acetylcarnosine lubricant eye drops. acetylcarnosine in the developed and patented lubricant eye drop formulation delivers pure L-carnosine and allows its increased intraocular absorption into the aqueous humor surrounding the lens, thus enabling significant improvements in anti-cataract efficacy Figs. 6,7 (126-130).
The important pharmacokinetic observation activities of the tested ophthalmic formulation Can-C TM including 1% N-acetylcarnosine and lubricant carboxymethylcellulose relate to the accumulation of Lcarnosine in the aqueous humor of the contralateral rabbit eyes after 30 min of instillation of the medication to the tested rabbit eyes. The detected measure of L-carnosine in the aqueous humor of the contralateral untreated eyes corresponded to 1.45 ± 0.08 µg/ml (n=9). The data indicate that intraocular route for the administered medication includes (at least partially) a systemic drug absorption in the preferred intraocular site of L-carnosine released from 1% N-acetylcarnosine ophthalmic prodrug enhanced with the addition into the ophthalmic formulation of a cellulose derivative, i.e. carboxymethylcellulose (bioadhesive and absorption enhancer) that is also used as a mucoadhesive carrier for the patented ocular drug, due to its ability to coat the cornea and remain on the eye for a longer time. This route of systemic absorption of biologically active compound avoids the first-pass effect normally observed after oral presentation of a compound, and the pharmacological sequelae resemble those seen after an intravenous administration. This pharmacokinetic phenomenon have been given in clinical situations with topical administration of anti-glaucoma medicines to the eye , since the systemic effects of drugs such as timolol can be quite pronounced (193) .
The systemically absorbed L-carnosine released from the topically administered to the eyes 1% Nacetylcarnosine ophthalmic prodrug Can-C TM as lubricant eye drops, is acting not only as a radical scavenger but also represents a possible neurotransmitter-like molecule that regulates neuronal functions such as hypothalamic control of the autonomic nervous system. CN2 (CNDP2) is a cytosolic enzyme that can hydrolyze carnosine to yield lhistidine and beta-alanine. CN2-immunoreactivity is highly concentrated in neuronal cells in the dorsal part of the tuberomammillary nucleus of the posterior hypothalamus (194) . Since the tuberomammillary nucleus is the exclusive origin of histaminergic neurons, further investigations were focused, whether CN2 is present in the histaminergic neurons. It was found that CN2-immunoreactivity was colocalized with that of histidine decarboxylase, which is the key enzyme for histamine biosynthesis specifically expressed in the histaminergic neurons of the tuberomammillary nucleus (194) . These results clearly indicate that CN2 is highly expressed in the histaminergic neurons in the tuberomammillary nucleus, implying that systemically absorbed L-carnosine released from the Can-C TM ophthalmic formulation topically administered to the eyes serves as a metabolic source to supply histidine and activates histaminergic neurons for histamine synthesis (Figure 8) . Axons of the tuberomammillary nucleus project primarily to the cerebral cortex, thalamus, basal ganglia, basal forebrain, and hypothalamus. Tuberomammillary Figure 8 . The signaling role of L-carnosine released from the ophthalmic prodrug N-acetylcarnosine lubricant eye drops in hypothalamus after the systemic absorption. The hypothalamus is a portion of the brain that contains a number of small nuclei with a variety of functions. One of the most important functions of the hypothalamus is to link the nervous system to the endocrine system responsible for prevention of ageing via the (hypophysis). Tuberomammillary activation causes a small phase lag in the visual response that is similar at all spatial frequencies, consistent with the induced shift from burst to tonic firing mode. These results indicate a significant histaminergic effect of L-carnosine on LGN thalamocortical cells, with no clear effect on thalamic inhibitory neurons . The data are supported by the Personal Dr. Mark A. Babizhayev's studies (Reviewed in Ref. 129 ).
activation usually results in a rapid and significant increase in the amplitude of baseline activity and visual responses in lateral geniculate nucleus (LGN) neurons (195) . Tuberomammillary activation causes a small phase lag in the visual response that is similar at all spatial frequencies, consistent with the induced shift from burst to tonic firing mode. These results indicate a significant histaminergic effect of L-carnosine on LGN thalamocortical cells, with no clear effect on thalamic inhibitory neurons.
Human Lens Telomeres as a Prospective Biological Target for N-acetylcarnosine Ophthalmic Indications
In this work, we originally propose that the existence of shortened telomeres in the human lens epithelial cells is the molecular clock that triggers cellular senescence phenotype during aging and cataract progression and is the result of oxidative attack to the lens by phospholipid hydroperoxides present in the aqueous humor and lens cellular membrane structures in the lack of efficacy of the antioxidant protection in the lens towards these damaging oxidant promoters (Figure 2a ) (196) . The cumulative results from the literature demonstrated that carnosine at physiological concentration might remarkably reduce the rate of telomere shortening in the continuously surviving lens cells subjected to oxidative stress induced by phospholipid hydroperoxides in the lack of efficient antioxidant lens protection (196) (197) (198) (199) (200) . Carnosine and related dipeptides have been shown to prevent peroxidation of model membrane systems leading to the suggestion that they represent water-soluble counterparts to lipid-soluble antioxidants such as alpha-tocopherol in protecting cell membranes from oxidative damage (189) .
Other roles ascribed to these dipeptides in ophthalmics include actions as neurotransmitters, modulation of enzymic activities, chelation of heavy metals and transition metal ions , the inhibition of nonenzymic glycosylation of proteins (transglycating activities) (126-130). We proposed a deglycation system involving removal, by transglycation of sugar or aldehyde moieties from the Schiff bases by ophthalmic aldehyde scavenger Lcarnosine derived from its ocular bioactivating sustained release prodrug 1% N-acetylcarnosine (NAC) lubricant eyedrops containing a mucoadhesive cellulose compound combined with corneal absorption promoters in drug delivery system (126).
Carnosine attenuates the development of senile features when used as a supplement to a standard diet of senescence accelerated mice (SAM) devoid of serum carnosinase activity (201) . Its effect is apparent on physical and behavioral parameters and on average life span. A striking anti-senescence effect of carnosine was demonstrated by McFarland and Holliday (197) (198) (199) . They showed that human diploid fibroblasts grown in 20 mM carnosine had an extended lifespan, both in population doublings (PDs) and chronological time. The dipeptide Lcarnosine had beneficial effects on cultured human fibroblasts. Physiological concentrations in standard media prolong their in vitro lifespan and strongly reduce the normal features of senescence. Late passage cells in normal medium were rejuvenated when transferred to medium containing carnosine, and became senescent when carnosine was removed (197) . Neither D-carnosine, (betaalanyl-D-histidine), homocarnosine, anserine, nor betaalanine had the same effects as carnosine on human fibroblasts.
In the recent work (200) , the authors studied the effect of carnosine on a human fetal lung fibroblast strain (HPF), which was either kept in a continuously proliferating or proliferation-inhibited state. The results indicate that carnosine can reduce telomere shortening rate possibly by protecting telomere from damage. Cells continuously grown in 20 mM carnosine exhibited a slower telomere shortening rate and extended lifespan in population doublings. When kept in a long-term nonproliferating state, they accumulated much less damages in the telomeric DNA when cultured in the presence of carnosine. The authors suggest that the reduction in telomere shortening rate and damages in telomeric DNA made an important contribution to the lifeextension effect of carnosine (200) .
In our review we propose the effects of carnosine on telomeres of the human lens epithelial cells during aging and cataract formation based on the established clinical efficacy of L-carnosine ophthalmic prodrug Nacetylcarnosine to partially reverse and prevent human cataracts in clinics ( Figure 7 ) (126-130;179-185).
The clinical effects of N-acetylcarnosine ophthalmic prodrug through protections from telomere attrition and shortening: prevention and reversal of cataracts, basic preventive health care
The data of visual functions (visual acuity, glare sensitivity) in older adult subjects and older subjects with cataract treated with 1% NAC showed significant improvement as compared, by contrast with the control group which showed generally no improvement in visual functions, with no difference from baseline in visual acuity and glare sensitivity readings (126-130;179-185) . In most of the patients treated, study treatment was well tolerated and no ocular or systemic adverse events were reported. Use of NAC to treat cataract and aging lens can lead to diminishing of light scattering units in the lens which raise glare effect, probably by prevention of the oxidative modification of crystallins and utilization of lipid peroxides (126-130; [179] [180] [181] [182] [183] [184] [185] .The present investigation indicates that carnosine derived from N-acetylcarnosine ophthalmic prodrug can preserve telomere structures in the lens epithelial cells, mitochondrial function, cell viability, and ATP levels in human lens cells during oxidative stress. Although the precise mechanism responsible for protection by the carnosine against oxidative stress remains to be determined, the ability of non-hydrolized carnosine, to protect against peroxide toxicity indicates that this type of biological activity is likely to be mediated through scavenging effect of carnosine towards toxic aldehydes and phospholipid hydroperoxide compounds (lipid peroxidation products) inducing shortening of telomeres in the lens epithelial cells. Carnosine promotes the protection of normal cells from acquiring phenotypic characteristics of cellular senescence switching human lens into the process of ageing and cataractogenesis.
Aging is postulated to be a telomere-shortening process, and may be a phenomenon in which some telomeres have already undergone partial shortening in early individual development. The latter situation would result in these shortened telomeres undergoing further shortening during the individual's lifetime, leading to abnormally accelerated imbalances in functioning of neuroendocrine and neurotrophic cells and provoking neurodegenerative events. If aging is an intrinsically programmed process and if it is engendered by a growing deficit of telomeric activity, then identification of telomereassociated processes, and their artificial reproduction and therapeutic usage targeting telomers and their products would open new perspectives in overcoming age-related diseases that currently appear to be incurable (202) .The systemic absorption of carnosine released from the ophthalmic prodrug N-acetylcarnosine can have an appropriate therapeutic influence on the lifelong clock which is regulated by the shortening of telomere DNA during ageing and age-related disorders in postmitotic neurons of the hypothalamus. Shortening of these DNA sequences occurs in humans on a monthly basis and is controlled by release of growth hormone discharged from the anterior pituitary directly into the hypothalamus via local blood vessels (202).
Prevention of complications of cataract surgery with N-acetylcarnosine ophthalmic prodrug: targeting secondary cataracts through modulation of cell senescent behavior
Once a clouded lens develops, surgical removal is still the usual remedy. Each year about 1.5 million cataract operations are performed, making it the most common operation in the country in people over 65 According to a 2001 study, the probability of developing a secondary cataract was 6% at one year, 15% at two years, 23% at three years, and 38% at nine years (Reviewed in Refs. 127,130). The risk is lower with phacoemulsification. Secondary cataracts are more likely to occur in younger patients, in those with diabetes, or when cataract surgery is combined vitrectomy (clearance of debris from the fluid in the eye). The appearance of a secondary cataract constitutes the most common complication of cataract surgery since the advent of phacoemulsification. Prevention is today one of the crucial challenges of research in ophthalmology.
Treatment for Posterior Capsular Opacification
The standard treatment is laser surgery known as a YAG capsulotomy. (Capsulotomy means cutting into the capsule, and YAG is an abbreviation of yttrium aluminum garnet, the laser most often used for this procedure). However, laser surgery carries its own risks and possible complications, similar to those of cataract surgery itself, and can also lead to poorer vision or blindness. About 1% of laser surgery patients develop a detached retina, which is much higher than the risk from the original cataract surgery.
The present benefits of N-acetylcarnosine ophthalmic therapeutic modality relates to a method for treatment or prevention of secondary cataract, comprising contacting the surface of the eye with an effective amount of a therapeutically active and physiologically acceptable N-acetylcarnosine combined with the cellulose compound releasing carnosine in the aqueous humor that prevents the senescent phenotype of residual germinative lens epithelial cells in in the equatorial regions of the lens capsule after cataract surgery.
We have developed a drug-sustained Nacetylcarnosine delivery system releasing carnosine in anterior chamber of the eye. This system targets the goal of combining advantageous pharmacological properties of carnosine with the ability to interfere on the epithelial cellular processes of secondary cataract. Clinical evaluation based on biomicroscopy and histology showed a lesser reaction of secondary cataract treated in eyes with the Nacetylcarnosine ophthalmic prodrug. The decrease in secondary cataract reaction in cases of N-acetylcarnosine treatment of after-cataract demonstrated the advantages of its pharmacological effect (Figure 3) . The pharmacological and theoretical concept of a drug-sustained delivery system seems attractive and thus calls for further evaluation of cellular telomeres modulators and of cell behavior.
SUMMARY AND PERSPECTIVE
Although human cataractogenesis is associated with aging, direct evidence of lens epithelial cellular senescence and the mechanism of senescence associated with chronic oxidative stress and accompanying ocular and systemic abnormalities or diseases during aging and cataractogenesis is lacking. This work demonstrates that oxidants induced premature senescence in human lens epithelial cells, with accelerated telomere shortening and reduced telomerase activity (although many human lenses lack detectable telomerase activity (164)). We conclude that human cataractogenesis is characterized by senescence of lens cells, accelerated by oxidative stress-induced DNA damage, inhibition of telomerase and marked telomere shortening. Prevention of cellular senescence with ophthalmic prodrug N-acetylcarnosine may be a novel therapeutic target in a management of cataract, basic preventive health care and in arresting of after-cataract following extracapsular cataract extraction.
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